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Chapter 4
Magnon planar Hall effect and anisotropic
magnetoresistance in a magnetic insulator
Abstract
Electrical resistivities can be different for charge currents traveling parallel or perpendic-
ular to the magnetization in magnetically ordered conductors or semiconductors, result-
ing in the well-known planar Hall effect and anisotropic magnetoresistance. Here, we
study the analogous anisotropic magnetotransport behavior for magnons in a magnetic
insulator Y3Fe5O12. Electrical and thermal magnon injection, and electrical detection
methods are used at room temperature with transverse and longitudinal geometries to
measure the magnon planar Hall effect and anisotropic magnetoresistance, respectively.
We observe that the relative difference between magnon current conductivities parallel
and perpendicular to the magnetization, with respect to the average magnon conductiv-
ity, i.e. ∣(σm∥ − σm⊥ )/σm0 ∣ , is approximately 5% with the majority of the measured devices
showing σm⊥ > σm∥ .
4.1 Introduction
Different electrical resistivities for charge currents parallel and perpendicular tothe magnetization were first discovered in ferromagnetic metals [1]. Micro-
scopically, it is understood as a second-order spin-orbit effect, which causes the
anisotropic properties of the scattering between the conduction electrons and local-
ized magnetic d-electrons [2–5]. These effects are applied in various technologies,
for instance, magnetic recording and field sensoring [6, 7].
When a charge current with a current density of jcx is applied parallel to the x-axis,





on the angle α between jcx and the in-plane magnetization. These can be described
in a right-handed coordinate system as follows
Ecxy = jcx∆ρc sinα cosα, (4.1)
Ecxx = jcx(ρc⊥ +∆ρc cos2 α), (4.2)
with ∆ρc = ρc∥−ρc⊥. ρc∥ and ρc⊥ are resistivities parallel and perpendicular to the magne-
tization. The planar Hall effect (PHE) is the transverse anisotropic magnetoresistance
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Figure 4.1: Colored scanning electron microscope (SEM) images of typical devices for (a)
MPHE and (b) MAMR measurement. The yellow-colored structures are Ti/Au contacts and
pink-colored ones are Pt strips. The grey background is the YIG substrate.
described by Eq.(4.1), while the longitudinal anisotropic magnetoresistance captured
in Eq.(4.2) is denoted as AMR throughout this Letter. For most ferromagnetic metals,
ρc∥ > ρc⊥ [8]. The magnitude of the effect, i.e. ∆ρc/ρc, is in the order of 1%.
Magnons, or spin wave quanta, are the elementary excitations of magnetically
ordered systems [9]. For long wavelength GHz spin waves, the dipolar interac-
tion plays an important role, which is intrinsically anisotropic. This results in the
anisotropic transport behavior for spin waves excited via microwave field [10]. In
contrast, for short wavelength THz spin waves, the Heisenberg exchange energy, i.e.−J Si ⋅Sj, dominates the dispersion, resulting in isotropic magnon propagation. How-
ever, the asymmetric spin-orbit coupling, such as Dzyaloshinskii-Moriya interaction,
can cause anisotropic transport of exchange magnons [11–13].
Here, we report the observation of the PHE and AMR for magnon currents in a
magnetic insulator at room temperature, the magnon planar Hall effect (MPHE) and
magnon anisotropic magnetoresistance (MAMR), respectively. Magnons can carry
both spins and heat. Since the 1960s, the thermal properties of magnetic insulators
have been extensively studied to investigate spin wave transport [14–19]. For exam-
ple, Douglass [18] reported the anisotropic heat conductivities of the single crystal
bulk ferrimagnetic insulator yttrium iron garnet (Y3Fe5O12, YIG) with respect to the
magnetic field at 0.5 K.
Recently, it has been reported that high energy exchange magnons (E ∼ kBT ) can
be excited thermally [20–22] and electrically [20, 23–25] and detected electrically in
lateral non-local devices on YIG thin films. Later on, spin injection and detection
in vertical sandwich devices was shown [26, 27]. The magnon transport can be de-
scribed by a diffusion-relaxation equation, with a characteristic magnon relaxation
length of λm ∼ 10µm for both electrically and thermally excited magnons at room
temperature [20]. In this Letter our aim is to use this newly established electrical






















































































































Figure 4.2: MPHE measurements for a typical device (series I, sample C, device 1). (a)-(d) First
harmonic signal (electrical injection). (e)-(h) Second harmonic signal (thermal injection). (a),
(b), (e), (f) Detection of the isotropic magnon current driven by the magnon chemical potential
gradient, such as Emx . (c), (d), (g), (h) Detection of the MPHE current, j
m
xy. We perform a pi and
2pi period sinusoidal fit for the measured R1ωP and R
2ω
P in (a) and (e). The residues of the fits
are shown in (c) and (g) as ∆R1ωP and ∆R
2ω
P , i.e. subtracting the pi and 2pi period sinusoidal
function fromR1ωP andR
2ω
P , respectively. Solid lines in (c) and (g) represent sinusoidal fits with





P in (a), (c), (e) and (g), respectively. (b), (d), (f), (h) Schematic illustration
of a device top-view and measurement configuration. µi indicates the effective component of
the magnon injection which is parallel to the magnetization aligned by B (40 mT), while µd
denotes the component sensored by the detector. In (b) and (f), the brown clouds represent
isotropic magnon diffusion from the midpoint of the injector (in reality, the whole injector
strip functions). In (f) and (h), the fire represents thermal injection of Joule heating from the
electrical charge current.
approach [20] to study the magnetotransport properties for exchange magnons in a
magnetic insulator, where charge transport is prohibited due to the bandgap.
4.2 Experimental details
4.2.1 Devices
Typical devices used in our MPHE and MAMR measurements are shown in Fig. 4.1.
They are fabricated on single-crystal (111) YIG films with thickness of 100 nm (se-
ries I) and 200 nm (series II). The saturation magnetization Ms and Gilbert damp-
ing parameter α are comparable for the YIG samples in two series (µ0Ms ∼ 170 mT,
α ∼ 1×10−4). The YIG films are grown on a 500µm thick (111) Gd3Ga5O12 (GGG) sub-
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strate by liquid-phase epitaxy and obtained commercially from Matesy GmbH. The
Pt electrodes are defined using electron beam lithography followed by dc sputtering
in Ar+ plasma. The thickness of Pt layer is ∼ 7 nm. The Ti/Au (5/75 nm) contacts are
deposited by electron beam evaporation. Seven YIG samples are used with multiple
devices on each of them. An overview of all devices is given in section 4.5.6.
4.2.2 Measurement techniques
Here, we use the electrical/thermal magnon excitation and electrical magnon detec-
tion method with Pt injectors/detectors on top of YIG as described in Ref. [20]. A
low frequency (ω/2pi = 17.5 Hz) ac-current I is sent through one Pt strip. It generates
magnons in the YIG in two ways. First, the electrical current induces a transverse
spin current due to spin Hall effect (SHE) [28, 29]. This results in electron spin ac-
cumulation at the Pt∣YIG interface, which can excite magnons in magnetic insulators
via spin-flip scattering at the interface [30]. This is known as electrical magnon in-
jection. Second, the Joule heating from the electrical current can thermally excite
magnons via the bulk spin Seebeck effect [22]. Other strips are used as magnon de-
tectors, in which the spin current flowing into the detector is converted to a voltage
signal due to the inverse spin Hall effect (ISHE) [31]. Using lock-in technique, the
electrically and thermally excited magnons can be measured as the first and second
harmonic voltages separately. They scale linearly and quadratically with the cur-
rent, i.e. V 1ω ∼ I and V 2ω ∼ I2, respectively (see Appendix A in Ref. [32]). Here, we
normalize them by I as non-local resistances (R1ω = V 1ω/I and R2ω = V 2ω/I2).
For the MPHE measurements, we use an injector and detector which are perpen-
dicular to each other, while MAMR measurements employ a detector parallel to the
injector. The magnon chemical potential gradient [33], which is created by the non-
equilibrium magnons excited by the injector, drives the diffusion of the magnons
in YIG. We define the direction which is perpendicular to the injector strip as the
longitudinal direction with Emx being the longitudinal magnon chemical potential
gradient. We measure the transverse and longitudinal magnon currents with cur-
rent densities of jmxy and j
m
xx, i.e. the number of magnons passing through per unit
cross-sectional area per second (see Figs. 4.2(b), 4.2(d)) and 4.3(a)).
Different from the PHE and AMR measurement for charge currents, we measure
the magnetization direction dependent currents instead of the voltages. This is con-
firmed by the geometric reduction of the non-local signal by increasing the distance
between Pt injector and detector on top of YIG within the diffusion regime for mag-
non transport [20]. Therefore, the nonlocal magnon transport measurement quanti-
fied by the non-local resistances detects the magnon conductivity σm instead of the
resistivity. However, in this Letter we still keep the terms, such as anisotropic mag-
netoresistance for MAMR, because of the analogous magnetotransport behaviors of
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Figure 4.3: MAMR measurement for a typical device (series II, sample F, device 1). (a)
Schematic top-view of the measurement configuration. The spacing between injector and
detector is indicated as d. (b) First and (c) second harmonic signals with d = 200 nm, i.e. R1ωA
andR2ωA . The solid lines are pi- and 2pi-period sinusoidal fits. In the lower panels of (b) and (c),
the residues of the fits, i.e. the difference between data and corresponding fits, are shown as
∆R1ωA and ∆R
2ω
A . They are fitted with pi/2- and 2pi/3-period sinusoidal functions, respectively.
B = 20 mT.
electrons and magnons.
An in-plane magnetic field B is applied to align the magnetization of the YIG film
with an angle α. We vary α by rotating the sample in-plane under a static magnetic
field with a stepper motor. The MPHE and MAMR currents are expected to have
angular dependences of
jmxy = Emx ∆σm sinα cosα, (4.3)
jmxx = Emx (σm⊥ +∆σm cos2 α), (4.4)
where ∆σm = σm∥ −σm⊥ . σm∥ and σm⊥ are conductivities for the magnon currents parallel
and perpendicular to the magnetization direction, respectively.
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4.3 Results and discussion
The result of the first harmonic MPHE measurement for electrically injected mag-
nons in Fig. 4.2(a) shows mainly a pi-period angular dependence. This is already
discussed in prior works [20] and shown in Fig. 4.2(b). A charge current is sent
through the injector, by which a spin accumulation is created at the Pt∣YIG interface
via the SHE. The effective component for the magnon injection, i.e. µi, is parallel to
the magnetization. This results in a cosα injection efficiency [20]. An isotropically
diffusing magnon current propagates along the magnon chemical potential gradient
[33], being directly detected as µd. Due to the ISHE, a charge voltage is measured
with an efficiency of sinα. Taking both injection and detection into account, we end
up with a pi-period sinusoidal modulation
R1ωP ∼ C1ωσm0 cosα sinα = 12C1ωσm0 sin 2α, (4.5)
which corresponds to the angular dependence shown in Fig. 4.2(a). C1ω is a con-
stant related to electrical magnon injection and detection efficiency and σm0 is average
magnon current conductivity. Details are explained in section 4.5.2.
For the residue of the pi-period sinusoidal fit, i.e. the discrepancy between the
data and fit (Fig. 4.2(c)), there is a pi/2-period sinusoidal modulation in the first
harmonic signals. This is ascribed to the existence of the MPHE as illustrated in
Fig. 4.2(d). The MPHE induces an additional pi-period angular dependence as in-
dicated in Eq. (4.3). Together with the injection-detection efficiencies described in
Eq. (4.5), i.e. (C1ω cosα sinα) (∆σm sinα cosα), it results in a component in the first
harmonic resistance with an angular dependence of
∆R1ωP ∼ −18C1ω∆σm cos 4α. (4.6)
This corresponds to the pi/2-period modulation in Fig. 4.2(c).
For the second harmonic MPHE measurement, the thermal injection due to the
Joule heating is insensitive to the YIG magnetization. Therefore, the thermally ex-
cited magnons can be directly detected as electron spins with polarization parallel to
the magnetization as µd (c.f. Fig. 4.2(f)) with a detection efficiency of sinα
R2ωP ∼ C2ωσm0 sinα, (4.7)
which corresponds to the 2pi-period modulation in Fig. 4.2(e). C2ω is a parameter
describing the thermal injection and electrical detection efficiency which is explained
further in section 4.5.2. Since the electrically and thermally excited magnons show
a similar λm over a wide temperature range [20, 34] and a similar magnetic field
dependent behavior [35], this strongly suggests that the same exchange magnons
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are involved in the spin transport. Therefore, we assign the same conductivities σm0
and ∆σm to electrically and thermally excited magnons.
Similarly, by looking at the deviation of the data from the 2pi-period modulation,
a 2pi/3-period oscillation is observed in Fig. 4.2(g). When the thermal magnons also
experience the MPHE, i.e. (C2ω sinα) (∆σm sinα cosα), we expect a component in
the second harmonic signal as
∆R2ωP ∼ −14C2ω∆σm cos 3α, (4.8)
which conforms to the 2pi/3-period oscillation in Fig. 4.2(g). Besides, we also
did MPHE measurement by using two detectors which are symmetrically patterned
with respect to the injector, where we obtain the doubled asymmetric MPHE-current
and the suppressed isotropic magnon current due to symmetry. Also, it excludes the
influence of the asymmetric potential gradient in the single detector case (explained
in detail in section 4.5.3.














R1ωP = 12r1ωP sin(2α + α1) +R1, (4.9)
∆R1ωP = −12∆r1ωP cos(4α + α2) +R2, (4.10)
R2ωP = 12r2ωP sin(α + α3) +R3, (4.11)
∆R2ωP = −12∆r2ωP cos(3α + α4) +R4, (4.12)
with angle shifts indicated as α1, α2, α3 and α4, and offsets expressed as R1,R2,R3
and R4. They vary in different device geometries and measurement configuration.
Further details are explained in section 4.5.1.
We obtain the magnitude of the MPHE as ∆σm/σm0 by determining ∆rnωP /rnωP











for the first and second harmonic signals, respectively. For the derivation, see section
4.5.2. For the results shown in Fig. 4.2, we extract the magnitude of ∣∆σm/σm0 ∣ as(6.6± 0.6)% and (4.7± 0.2)% for the first and second harmonic signals, respectively.
Regarding the sign, we observe that ∆σm < 0, i.e. σm∥ < σm⊥ , for both first and second

























Figure 4.4: Sign and amplitude of the MPHE and MAMR measurements. −∆σm/σm0 as a
function of the injector-to-detector spacing d. Solid circles and triangles denote the first and
second harmonic signals, i.e. 1ω and 2ω, while pink and blue colors represent MPHE and
MAMR results, respectively. −∆σm > 0 means σm⊥ > σm∥ . The sign anomaly appears for the
MAMR devices with d ∈ [0.2,1.0]µm. In this regime, the magnitude of −∆σm/σm0 is compara-
bly smaller. Without considering the data with the anomalous sign, we calculate the average
value of −∆σm/σm0 as (6.1 ± 2.1)% and (5.0 ± 4.0)% for the MPHE and MAMR, respectively.
For the MPHE device, d is defined as the spacing between the middle points of the injector
and detector.
harmonic signals, since r1ωP , r
2ω
P < 0 and ∆r1ωP , ∆r2ωP > 0 in Fig. 4.2. This sign agrees
with the results of the heat conductivity measurement on the single crystal YIG at
low temperature, when mainly magnons carry the heat [18].
In the MAMR measurements, we also observe the characteristic period for the
first and second harmonic signals, a pi/2-period and a 2pi/3-period angular modu-
lation, respectively (see Figs. 4.3(b) and 4.3(c)). For the magnitude of the MAMR













A from the results shown in Fig. 4.3. We obtain ∣∆σm/σm0 ∣ as(5.3 ± 0.6)% and (5.9 ± 0.6)% for the first and second harmonic signals with the
same sign of σm∥ < σm⊥ .
The sign and magnitude of all the measured MPHE and MAMR are summarized
in Fig. 4.4. On different samples and devices, all the MPHE devices show the sign
of σm⊥ > σm∥ for both first and second harmonic signals. However, as can be seen in
Fig. 4.4, for the MAMR measurement, the opposite sign and weaker effect arises
when the injector-to-detector spacing is in the range of [0.2,1.0]µm. We do not un-
derstand, why the sign and magnitude anomaly appears in this range. More details
are described in section 4.5.6.
We exclude possible extra modulations induced by the misalignment between
the magnetic field and in-plane magnetization angle due to the anisotropy or sam-
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ple misalignment as described in sections 4.5.4 and 4.5.5. Besides, we check the reci-
procity and linearity for R1ω and ∆R1ω in section 4.5.7.
4.4 Conclusions
To conclude, we observe MPHE and MAMR for both electrically and thermally in-
jected magnons from the angular dependent transverse and longitudinal non-local
measurement at room temperature. The magnitude of these effects, ∣∆σm/σm0 ∣, is
approximately 5% for both electrically and thermally injected magnons on YIG thin
films, which is in the same order of magnitude as that of PHE or AMR in ferromag-
netic metals. We observe that σm⊥ > σm∥ for all the measured devices except those
MAMR devices with certain injector-to-detector spacing. This is similar to the elec-
tronic magnetoresistance of most metallic systems (ρc∥ > ρc⊥). Our results establish a
new way to study and employ the magnetotransport of magnons, which can give an
insight into the spin-orbit interaction of insulating materials.
4.5 Supplementary Material
In this supplemental material, we discuss the origin of the angle shift in the angu-
lar dependent MPHE and MAMR measurement (section I) and the derivation of the
formulas to calculate the magnitude of the MPHE and MAMR (section II). More-
over, the result of a double-detector MPHE measurement is shown in section III.
Besides, we exclude other possible additional angular modulations caused by any
possible misalignment between magnetization and magnetic field, including the in-
plane magnetocrystalline anisotropy (section IV) and the out-of-plane tilt of the sam-
ple plane with respect to the applied magnetic field (section V). Then, we give the
summary of the sign and amplitude of the MPHE and MAMR on different samples
and devices (section VI). Last, we verify that the linearity and Onsager reciprocity
hold for the MAMR (section VII).
4.5.1 Origin of the angle shift in the MPHE and MAMR measure-
ment
The angle α is defined such that α = 0 when the magnetic field is perpendicular to the
injector Pt strip as shown in Fig. 4.5. Ideally, for example, in Fig. 4.5(a), the magnon
detection depends on − sinα, which is the angular dependence we expect for the
second harmonic signals. The minus sign is due to the polarity of the voltmeter.
However, we observe a (− sinα)-modulation with an angle shift of α3 in the angular
dependence of R2ωP as shown in Fig. 2(e) and captured in Eq. (11). Similarly, a small


























Figure 4.5: Schematic illustration of top-views for the design of Pt strips for (a) MPHE and
(b) MAMR devices. The main strips have lengths of a1 and a2 while the side strips are with
lengths of b1 and b2. In (a), the square with side length of d1 in dashed gray line is a reference.
The injector and detector Pt strips are designed symmetrically with respect to the center of
this reference square with the same structure. Black crosses denote square shapes with side
lengths of c1 and c2. Corresponding optical images for typical (c) MPHE and (d) MAMR
device before depositing Ti/Au electrodes.
angle shift from − sin 2α oscillation is observed for R1ωP in Fig. 2(a). This is mainly
due to the following reasons.
Firstly, in experiment it is hard to precisely control the alignment of the devices
with respect to the magnetic field. Therefore, α has a small error bar, approximately±5 degrees.
Secondly, in the design of devices, for the convenience of making connection be-
tween Pt and Ti/Au electrodes, side strips are designed at the end of the Pt main
strips as shown in Figs. 4.5(a) and (b). These structures are not visible in SEM im-
ages of the typical devices for MPHE and MAMR measurement shown in Fig. 1,
since they are covered by the Ti/Au electrodes. However, they can be seen in the
optical images of the devices before depositing Ti/Au electrodes (Figs. 4.5(c) and
(d)). They also function as an injector or detector but with a 90 degree rotation angle
compared to the main Pt strips with length of a1 and a2 in Figs. 4.5(a) and (b), respec-
tively. The influence of these side strips is less pronounced in MAMR measurements
44.5. Supplementary Material 69
than that in the MPHE measurements. This is because in MAMR measurements the
contribution of the side strips at two ends of the injector or detector cancel out due to
the symmetry, while this is not the case in MPHE measurements. For example, in the
second harmonic MPHE measurements, one side strip of the detector is closer to the
heater than the one at the other end. Since the device dimensions are smaller than
the magnon spin diffusion length, the signals decrease geometrically with increas-
ing the distance between injector and detector [20]. The signals picked up by the side
strips at the two ends of detector due to ISHE do not cancel out. This gives rise to a
detection contribution from the side strip closer to the injector with an efficiency of
cosα. It results in an angle shift from the sinα-modulation that we expect from the
main Pt detector strip. The magnitude of this angle shift in MPHE measurements de-
pends on the relative contribution of the main and side strips. The magnitude of the
signal also scales with the length of the device [20]. Since the length of the main strip
is larger than that of the side strip (a1∶ b1 ≈ 6), the contribution of the main strip in
this aspect is larger. However, the average distance from the side strip to the heater
is smaller than that for the main strip. Therefore, in terms of the spacing between
injector to detector, the detection of the side strip is more efficient than that of the
main strip. We summarize the angle shifts in Eqs. (9)-(12) as α1, α2, α3 and α4.
Here, we give the qualitative explanation above in order to show that the mis-
alignment of angle α and the influence of the side strip do not produce other oscil-
lation periods for the angular dependence of R1ω and R2ω but only cause a small
angle shift. This does not affect our determination of the MPHE and MAMR based
on their periodic characteristics in the magnetic field angle sweeping measurements.
4.5.2 Derivation for the magnitude of MPHE and MAMR signals
Analogous to the electron transport of conducting system in the diffusive regime
where electrons move along the electrochemical potential gradient with a certain
electrical conductivity, magnons diffuse in the magnetic insulator driven by the gra-
dient of the magnon chemical potential with a magnon conductivity [33]. In our
MPHE and MAMR devices, the distances between the injector and detector are smaller
than the characteristic magnon spin diffusion length λm at room temperature [20], so
that the magnon transport we discuss here is in the diffusive regime. By using this
theory, we derive the angular dependence of the MPHE and MAMR measurements,
i.e. RnωX and ∆R
nω
X (n = 1 or 2: first or second harmonic signals; X = P or A: MPHE
or MAMR results), as shown in Eqs. (5)-(8). Based on this, we obtain the expression
for the defined magnitude of the MPHE and MAMR, i.e. ∆σm/σm0 (see Eqs. (13) and(14)), in terms of the measurement results, i.e. the magnitude and sign of angular






X ) in Figs. 2 and 3 and Eqs. (9)-(12).
In Fig. 4.6, we define a longitudinal magnon chemical potential gradient Emx ,























Figure 4.6: Schematic illustration of top-views for (a) MPHE and (b) MAMR devices in an
xy-coordinate system. Emx is the longitudinal magnon chemical potential gradient along the
x-axis created by the injector where a current of I is sent. In (a), the magnon chemical potential
gradient between the injector and detector is approximatelyEmx . A magnetic fieldB is applied
with an angle α to control the in-plane magnetization direction. jmxy and j
m
xx are the transverse
and longitudinal magnon current densities which depend on the in-plane magnetization di-
rection as described by Eqs. (3) and (4).
which is perpendicular to the injector strip. In MAMR measurement, we can di-
rectly probe this Emx . In contrast, for the MPHE measurement in Fig. 4.6(a) where
injector and detector are perpendicular to each other, the magnon chemical poten-
tial gradient between the injector and detector can be different. However, here we
assume it is approximately Emx , because we consider the edge effect of the injector
is small. Moreover, Emx created by the SHE-induced magnon spin accumulation or
the thermal gradient from the Joule heating of the current is the driving force for the
diffusion of the magnons. They can be detected separately as the electrically and
thermally excited magnons by the first and second harmonic signals; therefore, we
denote them as Emx (nω),
Emx (nω) = Cnωi In (cosα)2−n (4.15)
where C1ωi [VA
−1m−1] or C2ωi [VA−2m−1] are the electrical and thermal magnon in-
jection factors, in which the subscript ”i” represents injection. They describe the
conversion efficiencies from the electrical charge current (I) or corresponding Joule
heating (∼ I2) to the magnon chemical potential gradients, respectively. Electrical
magnon injection depends on the in-plane magnetization angle cosα in both mea-
surement geometries as shown in Figs. 4.6(a) and (b), while the thermal injection is
independent of the in-plane magnetization direction.
Considering the isotropically propagating magnons, the built-up magnon poten-
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tial gradient in a certain direction leads to a magnon diffusion current in the same
direction jm = σm0 Em, where σm0 is the average magnon conductivity. We assign
the same conductivities σm0 and ∆σ
m to electrically and thermally excited magnons,
since the same exchange magnons are involved in the spin transport. The magnon
current is picked up by the detector strip and converted to a charge voltage V nω by
the ISHE. We normalize V nω by the current In as the non-local resistanceRnω . There-
fore, in MPHE and MAMR shown in Figs. 4.6(a) and (b) the magnon currents which
diffuse directly from the injector to detector are measured as
RnωP ∼ [σm0 Emx (nω)](Cd sinα)In (4.16)
RnωA = [σm0 Emx (nω)](Cd cosα)In (4.17)
where Cd [Vm2A−1] is a parameter describing the conversion efficiency between the
magnon current and ISHE-based charge voltage, where ”d” stands for detection. Cd
is the same for electrically and thermally excited magnons. Thus, Eqs. (4.16) and
(4.17) describe the direct isotropic transport of the electrically and thermally excited
magnons in two geometries shown in Figs. 4.6(a) and (b), respectively. We list the
expression for the angular dependence oscillations of RnωX in Table 4.1.
For the MPHE and MAMR, due to the difference between conductivities for the
magnon currents parallel and perpendicular to the magnetization (σm∥ ≠ σm⊥ ), a trans-
verse and longitudinal magnon current with current densities of jmxy and j
m
xx is gener-
ated with a driving force of the longitudinal magnon potential gradient Emx accord-
ing to Eqs. (3) and (4). They are also measured by the detector based on the ISHE
and normalized by the current as
∆RnωP = jmxy(Cd sinα)In = Cnωi Cd(∆σm sinα cosα)(cosα)2-n sinα (4.18)
∆RnωA = jmxx(Cd cosα)In = Cnωi Cd(σm⊥ +∆σm cos2 α)(cosα)3-n (4.19)
where the anisotropic magnetotransport properties are captured. We list the angular
dependence oscillations of ∆RnωX only with the characteristic periods, i.e. pi/2 for the
first and 2pi/3 for the second harmonic signals, in Table 4.1.
Therefore, we obtain the expression for the magnitude of the MPHE and MAMR
in Table 4.1 , i.e. ∆σm/σm0 , in terms of the measurement results, i.e. ∆rnωX /rnωX , as
shown in Eqs. (13) and (14). From the relative sign and magnitude of ∆rnωX and
rnωX , we can determine the sign of ∆σ
m = σm∥ − σm⊥ and the magnitude of ∆σm/σm0 .
Here, we neglect the contribution to the pi/2− and pi-period oscillations caused by
the multiplication of the sinusoidal dependent function due to MPHE and MAMR
as shown in Eqs. (4.18) and (4.19), because their amplitudes are negligibly small
compared with those of RnωX in Eqs. (4.16) and (4.17).
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Table 4.1: Summary of the expression for RnωX , ∆R
nω
X and ∆σ
m/σm0 for MPHE and MAMR
measurements.
MPHE (X =P) MAMR (X =A)














(r1ωP ∼ C1ωσm0 ) (r2ωP ∼ 2C2ωσm0 ) (r1ωA = C1ωσm0 ) (r2ωA = 2C2ωσm0 )
∆RnωX − 12 ∆r1ωP cos 4α − 12 ∆r2ωP cos 3α 12 ∆r1ωA cos 4α 12 ∆r1ωP cos 3α
(∆r1ωP = 14C1ω∆σm) (∆r2ωP = 12C2ω∆σm) (∆r1ωA = 14C1ω∆σm) (∆r2ωA = 12C2ω∆σm)
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Figure 4.7: Comparison of the double and single detector MPHE measurement. (a), (d)
Schematic illustration of measurement configuration with corresponding results for (b), (e)
R2ωP and (c), (f) ∆R
2ω
P .
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4.5.3 Double detector MPHE measurements
In this section, we discuss an extra experiment we did for the MPHE, by which we
can measure ∆R2ωP with approximately double magnitude while R
2ω
P is suppressed,
compared with the results shown in Fig. (2). Besides, this also confirms that the
transverse magnon current we measured is not due to an asymmetric magnon po-
tential gradient caused by the single-detector MPHE measurement configuration.
As shown in Fig. 4.7(a), we used two detectors which are patterned symmetri-
cally with respect to the injector strip. Compared with the single detector case in Fig.
4.7(d), R2ωP is reduced (compare Figs. 4.7(b) and (e)). This is because the isotropic
magnon signals measured by the upper and lower main detector strip with the same
polarization cancel out due to symmetry when we connect two detectors in such a
way. The component of R2ωP which is left is mainly due to the side strip. By contrast,
∆R2ωP is approximately doubled compared with that in single-detector measurement
(compare Figs. 4.7(c) and (f)). This results from the fact that the MPHE-induced
transverse magnon currents measured by the upper and lower detectors with dif-
ferent polarization add up in this measurement configuration. It also confirms that
the MPHE-induced 2pi/3-period sinusoidal modulations do not result from parasitic
effects with amplitudes scaling with the amplitude of the 2pi-period sinusoidal mod-
ulation for R2ωP .
4.5.4 In-plane magnetocrystalline anisotropy of YIG (111)
In this section, we investigate the possible influence of the in-plane magnetocrys-
talline anisotropy on the in-plane angle dependent measurement, in order to differ-
entiate it from the features caused by the MPHE and MAMR.
We used YIG films with thickness of 100 nm and 200 nm. Due to the shape
anisotropy, the magnetization prefers to align in the plane of the film. The in-plane
saturation field is smaller than 1 mT, while the out-of-plane saturation field is more
than 200 mT. Therefore, the YIG film roughly has a magnetic hard axis, i.e. perpen-
dicular to the film surface, and a magnetic easy plane, i.e. the surface plane. Within
this magnetic easy plane, it is easier to magnetize YIG along some crystallographic
directions than the others. This magnetocrystalline anisotropy is intrinsically caused
by the spin-orbit coupling and the coupling between the orbital and lattice [36]. Ex-
trinsically, the strain from crystal growth can also modify the magnetocrystalline
anisotropy [37]. In our experiment, we always use a YIG sample with (111) sur-
face determination prepared by liquid-phase epitaxy (LPE) method. As a garnet
structure, YIG has a cubic crystal structure. YIG (111) surface has a 3-fold rotation
symmetry, i.e. C3.
Considering this in-plane magnetocrystalline anisotropy by applying the Stoner-
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Figure 4.8: Simulation of the first and second harmonic signals under the influence of in-plane
magnetocrystalline anisotropy. (a) Schematic illustration of the Pt injector and detector on top
of YIG (111) thin film. The black dashed line is a reference line perpendicular to the injector
and detector strips. In-plane magnetic field B is applied with an angle of α with respect to
the reference line, while the magnetization of the YIG film M has an angle of ϕ. Three black
arrow lines on top of YIG (111) represent the projection of three crystallographic directions,
i.e. [100], [010] and [001]. Normalized (b)-(e) first harmonic signals, i.e. R1ω , and (f)-(i) second
harmonic signals, i.e. R2ω , are shown as black solid lines with different number of magnetic
easy axes (n = 1,2,3,4). The black arrow lines represent 2n number of magnetocrystalline
easy directions, along which the YIG film is more easily magnetized in the plane of the film
compared with other in-plane directions. Red solid lines are pi-period sinusoidal fits in (b)-(e)
and 2pi-period sinusoidal fits in (f)-(i). Blue dashed lines are the residues of the fits, i.e. the
difference between the black and red solid lines, denoted as ∆R1ω and ∆R2ω . The maximal
value points of ∆R1ω in (d) and minimal value points of ∆R2ω in (h) are marked as the pink
dots.
Wohlfarth model (see Fig. 4.8(a)), we can write the magnetism-related energy den-
sity εm as
εm =K sin2(nϕ) −BMs cos(α − ϕ) (4.20)
where α and ϕ are the in-plane rotation angles of the magnetic field and magneti-
zation, K is the anisotropy constant, B is the external magnetic field and Ms is the
saturation magnetization. n is the number of magnetic easy axes, which means the
system is more easily magnetized in 2n directions in the plane of the film. Here,
we treat these 2n directions equally. Also, for simplicity, we assume that one of the
magnetic easy axes is perpendicular to the detector strip.
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In order to minimize the energy density εm, we let the derivative of εm in terms
of ϕ equal zero (∂εm/∂ϕ = 0). After confirming this is a minimal point, we can obtain
the relation between α and ϕ as
nK sin(2nϕ) = BMs sin(α − ϕ) (4.21)
which describes how much the sweeping angle of the magnetization ϕ deviates from
the rotation angle of the external field α, depending on the anisotropy constant K
and the strength of the external field B.
For the non-local measurements, we always control the angle α of the external
field by using the rotating sample holder in a static magnetic field. However, the
magnon injection and detection efficiency depend on the angle of the magnetization
ϕ. In the device geometry as shown in Fig. 4.8(a), first and second harmonic signals
depend on ϕ as a function of cos2 ϕ and cosϕ, respectively. Combined with the re-
lation between α and ϕ in Eq. (4.21), we know the dependences of first and second
harmonic signals as a function of α shown as black solid lines in Figs. 4.8(b)-(i). Both
first and second harmonic signals change shapes by varying the number of magnetic
easy axes, for example n = 1,2,3,4 as shown in Fig. 4.8. We fit the normalized R1ω
andR2ω by pi- and 2pi-period sinusoidal functions and look at the residues of the fits,
i.e. ∆R1ω and ∆R2ω , as shown in the blue dashed lines. BMs/nK is in the order of
10 in the simulation results in Fig. 4.8.
To check the influence of the in-plane crystallographic anisotropy experimentally,
we applied a small field with magnitude of 0.6 mT to do the in-plane field angle de-
pendent measurement. With such a small field, the in-plane angle of the YIG mag-
netization lags behind the external magnetic field angle. The extent of this lagging-
behind behavior is modulated by the in-plane magnetocrystalline anisotropy of YIG
(111) thin film. The results are shown in Fig. 4.9. Comparing it with the simulation
results in Fig. 4.8, we find that the shape of the first and second harmonic signals
(Figs. 4.9(a) and (b)) only conform to those in the case of three magnetic easy axes(n = 3) as shown in Figs. 4.8(d) and (h). We fit the measured R1ω and R2ω by the(n = 3)-modified pi- and 2pi-period sinusoidal functions in Figs. 4.8(d) and (h), respec-
tively. The resulting symmetry of the magnetocrystalline anisotropy also agrees with
the crystallographic symmetry of YIG (111) plane, i.e. a 3-fold rotational symmetry
(C3). For the fitting parameters of both first and second harmonic signals, BMs/nK
is in the order of 10. Based on this, we can estimate that K ≈ 0.3 × 103 erg cm−3, by
taking B = 0.6 mT, µ0Ms = 170 mT and n = 3. According to Ref. [38], LPE-grown YIG
films on the GGG substrate with tens of µm thickness show the anisotropy constant
of 2.3 × 103 erg cm−3, which is comparable with our result.
Furthermore, we checked the residue of the pi- and 2pi-period sinusoidal fits for
the measured first and second harmonic signals and compared them with the simu-
lation results. For the first harmonic signals, eight maximal value points as denoted





















































Figure 4.9: Experimental results of the small magnetic field measurement (B = 0.6 mT). (a)
First and (b) second harmonic signals with corresponding fits taking into account the in-plane
magnetocrystalline anisotropy with three magnetic easy axes. (c) and (d) Residues of the pi-
period sinusoidal fit for the first harmonic signals and 2pi-period sinusoidal fit for the second
harmonic signals. The maximal value points in (c) and minimal value points in (d) are marked
as the pink dots.
as the pink points are observed in the residues for both simulation (Fig. 4.8(d)) and
experimental results (Fig. 4.9(c)). In contrast, there are seven minimal value points
for the second harmonic signals (see Figs. 4.8(h) and 4.9(d)). However, the shape
of the residues in the simulation and experimental results are not exactly the same.
This can be caused by the following reasons. First one is our assumption that one of
the magnetic easy axes is perpendicular to the detector strip. However, in our device
we do not know the exact relative orientation of the Pt strips with respect to the crys-
tallographic orientation. Second, the assumption that the YIG can be equally easily
magnetized along 2n directions might be not precisely true, especially with the two
opposite directions along the same axis. Third, some other modulations also influ-
ence the shape of the first and second harmonic signals, for example, the pi-period
sinusoidal modulation in the second harmonic signals due to the spin Nernst effect
in platinum [39].
Here, we confirm that the characteristic features of the MPHE and MAMR, i.e.
the pi/2- and 2pi/3-period sinusoidal modulations for the first and second harmonic
signals, are different from the modulation induced by the in-plane magnetocrys-
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talline anisotropy, i.e. 8 maximum value points for the first harmonic signals and
7 minimum value points for the second harmonic signals within the 2pi magnetic
field angle sweeping. Moreover, we applied a magnetic field of 40 mT for the MPHE
measurement as shown in Fig. 2 and 20 mT for the MAMR measurement as shown
in Fig. 3. This means that BMs/nK is approximately in the order of 500. In Fig.
4.10, we show the simulation results of the first and second harmonic signals with
BMs/nK being 10 and 500 for n = 3, respectively. They correspond to the small mag-
netic field measurement shown in Fig. 4.9 and the MPHE (MAMR) measurement in
Fig. 2 (3). In Fig. 4.9, we see that the additional modulations, i.e. ∆R1ω or ∆R2ω ,
induced by the in-plane magnetocrystalline anisotropy are about 10% of R1ω or R2ω .
This is consistent with the simulation results in Figs. 4.10(a) and (c). Then provided
BMs/nK = 500, we can estimate the amplitude of the additional modulation caused
by the in-plane magnetocrystalline anisotropy in the MPHE (MAMR) measurement
configurations as shown in Figs. 4.10(b) and (d). The amplitudes of the additional
modulation, i.e. ∆R1ω or ∆R2ω , are expected to be less than 0.2% of the amplitudes
of R1ω or R2ω in our MPHE and MAMR measurement. This is generally smaller
than the amplitude of the MPHE (MAMR) signals, i.e. ∆rnωX /rnωX , which is more than
1%, corresponding to ∆σm/σm0 ∼ 5% . Therefore, considering our qualitative analy-
sis and quantitative estimation, we conclude that the observed modulations in our
MPHE and MAMR measurements cannot be attributed to the magnetocrystalline
anisotropy.
4.5.5 Out-of-plane misalignment of the sample plane with respect
to the applied magnetic field
In this section, we quantitatively study the influence of the out-of-plane sample mis-
alignment on the angle dependent measurement, in order to confirm that the char-
acteristic pi/2- and 2pi/3-period sinusoidal modulations for the first and second har-
monic signals are due to the MPHE and MAMR.
In our experimental setup, the sample is mounted on a rotating sample holder
with rotation motor under a static magnetic field. We load the sample with its sur-
face as parallel as possible with respect to the center-to-center line between the two
magnetic poles according to the scale of the sample holder with accuracy of ±2 o.
This uncertainty can result in a sweeping angle ϕ of the in-plane magnetization be-
ing different from the rotation angle of the external magnetic field α.
Here, we simplify the scenario as shown in Figs. 4.11(a) and (b). In the coordinate
system defined in Fig. 4.11(a), the applied magnetic field B can be expressed as
B = (−B sinα,B cosα,0). (4.22)
For simplicity, we assume that the sample is static while the magnetic field B rotates




























































Figure 4.10: Influence of the in-plane magnetocrystalline anisotropy on the first and second
harmonic signals under different strength of magnetic field. Normalized R1ω and R2ω with
BMs/nK (a), (c) being 10 and (b), (d) being 500 corresponding to B ∼ 0.6 mT and 30 mT, re-
spectively (K=0.3×103 erg cm−3, µ0Ms ∼ 170 mT, n = 3). Red curves are pi/2-period sinusoidal
fits in (a) and (b) and pi-period sinusoidal fits in (c) and (d). Blue dashed lines are residues of
the fits, denoting as ∆R1ω and ∆R2ω for the first and second harmonic signals, respectively.
with angle α. The normal vector of the sample plane n can have a tilting angle θ with
respect to the positive z-axis. Here, we assume the simple case that n is in yz-plane,
i.e. n1, as shown in Fig. 4.11(a) and expressed as
n = (0, sin θ, cos θ). (4.23)
We can decompose the magnetic field B into two components, perpendicular and
parallel to the sample plane denoted as Bout and Bin
Bout =∣ B ∣ B ⋅ n∣ B ∣ ∣ n ∣ n = (0,B cosα sin2 θ,B cosα sin θ cos θ) (4.24)
Bin = B −Bout = (−B sinα,B cosα cos2 θ,−B cosα sin θ cos θ). (4.25)
We assume that the initial position of the magnetic field is along the positive y-axis,
so that the initial in-plane magnetic field B0in is expressed as
B0in = Bin(α = 0) = (0,B cos2 θ,−B sin θ cos θ). (4.26)
Then, we can obtain the sweeping angle of the in-plane magnetic field ϕ, i.e. the
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Figure 4.11: (a) Schematic illustration of the tilted sample plane with respect to the external
magnetic field in a Cartesian coordinate system. The blue cylinder is for the convenience of
visualization. An applied magnetic field B (green arrow line) rotates in xy-plane with an angle
α (green) with respect to the positive y-axis. The purple plane represents the sample plane
with a cross intersection with the cylinder. For example, the sample is tilted in a way that the
angle between its normal vector n1 (blue arrow line) and the positive z-axis is θ (blue). The
angle between the rotating in-plane projection of B, i.e. Bin, and the initial in-plane projection
of B0, i.e. B0in, is ϕ (red). (b) Topview of the different sample normal vector projections on
the xy-plane. Qualitative comparison between (c), (e) the calculated and (d), (f) experimental
(series II, sample E, device 20 withB = 40 mT) results of the angular dependence of the second
harmonic signals. The 2pi-period sinusoidal component of the second harmonic signals due to
the detection efficiency according to (c) simulation (normalized) and (d) experimental results
with topviews of device orientation as shown in the inset, respectively. (e) The simulation
results of the 2pi/3-period sinusoidal components due to sample tilting out-of-plane with θ =
10 o in different tilting directions. (f) The measured 2pi/3-period sinusoidal components with
sample plane normal vectors of n1, n′1 and n2.
angle between B0in and Bin. We end up with
cosϕ = Bin ⋅B0in∣ Bin ∣∣ B0in ∣ = cos θ cosα√cos2 θ cos2 α + sin2 α (4.27)



































Figure 4.12: Tilting angle θ dependent 2pi/3-period sinusoidal modulation (series I, sample D,
device 2 with B = 40 mT). (a) Normal vectors of the sample plane n1 and n′1 with different
tilting angles θ presented in different colors. The sign of θ is defined that for n1, θ > 0 and for
n′1, θ < 0. The 2pi/3-period sinusoidal components in the second harmonic signals with tilting
angles of (b) θ = −30 o,−20 o,−10 o, (c) θ = −4 o,0 o,+4 o and (d) θ = 10 o,20 o,30 o. The colors
of the 2pi/3-period sinusoidal modulation correspond to the color of the normal vectors in (a).
We can obtain the magnitude of the 2pi/3-period sinusoidal modulation as a function of the
tilting angle as shown by the colored circles here and in Fig.4.13(a).
which shows the relation between ϕ and α with certain tilting angle θ.
Here, we assume that the in-plane magnetization aligns withBin. This is a reason-
able assumption because the YIG films we used have a strong in-plane anisotropy,
i.e. small in-plane saturation field and large out-of-plane saturation field (Bsin <
1.0 mT and Bsout > 200.0 mT). We applied a magnetic field of 25 mT in the experi-
ment described in this section.
The magnon detection efficiency is modulated with ϕ instead of α. Therefore,
R2ω should have a 2pi-period sinusoidal oscillation as a function of ϕ. When the
sample is tilted out-of-plane, i.e. θ ≠ 0, the angle ϕ is different from α with a rela-
tion depending on the magnitude and direction of the tilting angle θ, for example as
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Figure 4.13: Comparison between the simulation and experiment for the sample tilting out-of-
plane. (a) The ratio between the magnitude of the 2pi/3-period sinusoidal modulation ∆R2ω to
the magnitude of the 2pi-period sinusoidal modulationR2ω for the second harmonic signals as
a function of tilting angle θ. The simulation results are based on the model in Fig. 4.11, which
only considers the influence from the out-of-plane tilting of the sample plane. A correction
of 1.7 o for angle θ is needed for the simulation results as shown in the inset, in order to fit
the experimental data. The experimental results are from the data shown in Fig. 4.12 with
corresponding colors for different tilting angles. The error bars are within the size of the circles
for all the data points. This is consistent within the accuracy of the alignment of ±2 o. The
difference between the simulation and experiment in the small tilting angle regime is marked
by the red striped area in the inset. The black dashed and solid lines are parabolic fits for the
simulation and experimental data points, respectively. The zoomed-in figure of these fits are
plotted in (b). The red solid line is the difference between the experiment and simulation fits,
which corresponds to the amplitude of the MAMR around 0.2%. The small MAMR amplitude
measured by this device is due to the fact that the injector-to-detector spacing (d = 500 nm) is
in the range where the sign and amplitude anomaly appears.
shown in Eq. (4.27). This gives rise to a 2pi/3-period sinusoidal modulation compo-
nent in the second harmonic signals as a function of angle α as shown in Figs. 4.11(c)
and (e).
According to the simulation results shown in Fig. 4.11(e), the phase of this 2pi/3-
period sinusoidal modulation depends on the tilting direction of the sample plane,
i.e. the choice of the in-plane projection of the sample normal vector, for example,
n1, n2 shown in Fig. 4.11(b), etc. This is also confirmed in the experimental results as
shown in Figs. 4.11(d) and (f). We did the in-plane magnetic field angle dependent
measurement while tilting the sample out-of-plane in a way that its normal vector
has a certain in-plane projection, such as n1, n′1 and n2. As shown in Fig. 4.11(f),
comparing the cases of n1 and n2, the resulting 2pi/3-period sinusoidal modulations
are out-of-phase to each other. By contrast, for the cases of n1 and n′1, the 2pi/3-
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period sinusoidal modulations are in-phase. These features are consistent with the
simulation results in Fig. 4.11(e).
The magnitude of the 2pi/3-period sinusoidal modulation depends on how much
the sample tilts out-of-plane, i.e. the magnitude of θ. In the experiment, we varied
the angle θ by tuning the sample holder according to an angular scale with accuracy
of ±2 o. Figure 4.12 shows different tilting angles and corresponding 2pi/3-period
sinusoidal modulations from the measurement. The magnitude of the 2pi/3-period
sinusoidal modulation from both simulation and experiment as a function of the
tilting angle is summarized in Fig. 4.13. To fit the experimental data, especially in
the large tilting angle regime, we add a correction of 1.7 degree for angle θ in the
simulation results. The necessity of the small angle correction for the simulation
also suggests that the flat sample tuned based on the scale is not really flat with an
inaccuracy of less than 2 degree.
Here, the simulation only takes into account the influence of sample tilting out-
of-plane. However, in Fig. 4.13(a), there is a discrepancy between experiment and
simulation. If the 2pi/3-period sinusoidal modulation were purely induced by the
sample tilting out-of-plane, it would vanish when the sample is completely in-plane
as shown in the simulation results. However, this is not the case here. As shown in
Fig. 4.13(b), by varying θ from −10 o to 10 o, the variation of the difference between
experiment and simulation for ∆R2ω/R2ω is less than 20%. This difference between
experiment and simulation corresponds to the magnitude of the MAMR feature for
this device with d = 500 nm. It clearly proves that the MPHE and MAMR charac-
teristic features, i.e. the 2pi/3-period sinusoidal modulation for the second harmonic
signals, are not due to the sample out-of-plane tilting.
4.5.6 Sign and magnitude of the MPHE and MAMR
We can determine if σm∥ > σm⊥ or σm∥ < σm⊥ for the magnon transport from the sign
of the MPHE and MAMR signals, denoted as ”+” and ”−”, respectively. In all the
MPHE and part of the MAMR measurements, we observe ”−”. However, ”+” is
also obtained for some MAMR measurements with injector to detector spacing in
a certain range. Here, we summarize the sign obtained from different devices and
samples in Table 4.2, which corresponds to the data in Fig. 4.
As can be seen in Table 4.2, the measured devices are patterned on two series of
YIG samples with thickness of 100 nm (series I) and 200 nm (series II). 7 samples are
labeled by letter from A to G. On each sample, multiple devices are patterned. In
total, 35 devices are measured, including both MPHE and MAMR measurement de-
vices. For each device, we can simultaneously measure the first (1ω) and second (2ω)
harmonic signals, which always show the same sign. However, it is harder to re-
solve the characteristic pi/2-period oscillation for the first harmonic signals, because










Figure 4.14: Optical images of the modified MPHE devices on sample E. (a) Both MPHE
and MAMR measurement can be resolved with corresponding measurement configuration,
i.e. MPHE (IMPHE-V ) and MAMR (IMAMR-V ). (b)-(d) The same device structure patterned
on sample E with different orientation with respect to the crystalline orientation of the YIG
(111) surface. Injector-to-detector distance d for the MPHE device is defined as the spacing
between the middle points of the injector and detector as shown in (a). The scale bars in
(b)-(d) represent 10µm.
the signal-to-noise ratio is generally smaller than that for the second harmonic sig-
nals. Therefore, we obtain only the second harmonic signals for some MAMR and
MPHE measurements.
All the MPHE measurements show ”−” sign, i.e. σm∥ < σm⊥ . For MAMR mea-
surement, we obtain the same sign for the devices on sample F and G where the
injector to detector spacing d is 200 nm whereas the opposite sign on sample D is
observed (d = 500,600,800 nm and 1µm). On sample E, MAMR devices show ”+”
for d = 600 nm but ”−” for distance of 1µm and 6µm. In Fig. 4, we summarize the
magnitude and sign of the MAMR as a function of the injector-to-detector distance.
The anomaly of the sign for the devices with injector-to-detector spacing in certain
range is not fully understood yet. We believe that this may be related to the sign
reversal ofR2ω by increasing d for YIG films with certain thickness and the thickness
dependent behavior for the R1ω [22].
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Table 4.2: Summary of the sign measured with different geometries on different samples and
devices on YIG thin film.
Series (I or II)* Harmonic I I I I II II II
Samples (A-G) nω A B C D E F G
Number of measured devices (n=1 or 2) 4 1 1 6 21 1 1
Number of measured MPHE devices (sign†)
1ω 0 1(−) 1(−) 0 5(−) 0 0
2ω 4(−) 1(−) 1(−) 2(−) 13(−) 0 0
Number of measured MAMR devices (sign)
1ω 0 0 0 4(+) 2(−)3(+) 1(−) 0
2ω 0 0 0 4(+) 5(−)3(+) 1(−) 1(−)
Nevertheless, ”−” is observed with the devices on sample E as shown in Fig. 4.14
where we can measure MPHE and MAMR in the same region of YIG. Compared
with the device structure for MPHE measurement in Fig. 1(a), the modified MPHE
structures in Fig. 4.14 have two parallel strips relatively longer. With the longer
stripes, we are able to resolve the small signals of ∆R1ω and ∆R2ω for the MAMR
with the injector-to-detector spacing of 7µm, since both first and second harmonic
signals scale with the length of the strip. Besides, by patterning the devices on the
same sample with the same structures but different orientations as shown in Figs.
4.14(b)-(d), we observe the same sign of ”−”. This indicates that the sign change is



























Figure 4.15: Reciprocity of R1ω and ∆R1ω for the MAMR measurement with injector to de-
tector spacing of 600 nm (series II, sample E, device 19). (a) R1ω and (b) ∆R1ω as a function of
angle α for the I-V and V -I configurations.
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ever, to study the influence of the C3 symmetry surface, more orientations should be
systematically checked in the future.
4.5.7 Reciprocity and linearity of the MPHE and MAMR
We perform the reciprocity measurement by reversing the role of injector and detec-
tor as shown in Fig. 4.15 on a MAMR device with d = 600 nm (series II, sample E,
device 19). This is to verify that the magnon injection and detection are in the lin-
ear regime where Onsager reciprocity holds. We find that R1ωI−V = 18.8 ± 0.1 mΩ and
R1ωV −I = 18.7 ± 0.1 mΩ, while ∆R1ωI−V = 0.08 ± 0.01 mΩ and ∆R1ωV −I = 0.09 ± 0.01 mΩ.
Since R1ωI−V (B) = R1ωV −I(−B) and ∆R1ωI−V (B) = ∆R1ωV −I(−B), we confirm the Onsager
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Figure 4.16: Linearity of the first harmonic signals for the MAMR measurement with injector
to detector spacing of 600 nm (series II, sample E, device 18). (a) Angular dependences of V 1ω
with different excitation currents. Black solid lines are pi-period sinusoidal fits. (b) Peak-to-
peak amplitudes of V 1ω as a function of the current. The error bar is smaller than the radius
of the data points. The red solid line is a linear fit through the data, showing the linearity
of V 1ω . (c) Angular dependence of ∆R1ω , i.e. the residues of the pi-period sinusoidal fits for
R1ω = V 1ω/I , for different excitation currents. The corresponding colored solid lines are the
pi/2-period sinusoidal fits. (d) Magnitude of ∆R1ω and ∆R1ω/R1ω as a function the current.
They do not depend on the current within the experimental uncertainty, which proves the
linearity of the MAMR.
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Moreover, linearity has been confirmed by measuring the first harmonic signals with
various currents on a MAMR device with d = 600 nm as shown in Fig. 4.16.
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